Abstract: This paper investigates the effect of palm oil-based binder on hardness and density of sintered Inconel718. Palm stearin (PS) is the palm oil derivative, which has been formulated and evaluated as possible alternative binder system. The variety of PS contents can be an advantage during debinding process as it can be removed gradually to maintain the shape of the debound part. At different heating temperatures, each binder contents melts, leaving different impurities. The remaining impurities help to form capillary
Introduction
Innovations on the aerospace and aircraft industry have been rapidly expanding over time, and keep abreast of the latest technology has become part of everyday life for the satisfaction of human needs. On the basis of aviation sector, the improvements of materials used in aircraft gas turbine engines, which constitute 50% of total aircraft weight, must protect its actuality continuously. Aircraft gas turbine engines create harsh environments for materials due to the high operating temperatures and stress levels (Furrer and Fetch, 1999) .
Materials that can be used at the highest temperature and still remain stable to withstand severe mechanical stresses and strains in oxidising environments are so-called superalloys, usually based on Ni, Fe or Co. Nickel-based superalloys are the exceptional group of superalloys with superior material properties. Their excellent properties range from high-temperature mechanical strength, toughness to resistance to degradation in oxidising and corrosive environment. Therefore they are not only used in aerospace and aircraft industry but also in ship, locomotive, petrochemistry and nuclear reactor industries (Kushan et al., 2012) .
Until now, costly manufacturing processes such as machining, investment casting and hot isostatic pressing have been used for the fabrication of small complex-shaped aeronautic parts. In the current industry, casting is often used to process superalloys. However, their products usually combine low-dimensional tolerance, rough surface finish and element segregation.
Recent material shortages and increases in raw material costs have justified the development of a novel processing route for the fabrication of aeronautic parts (Julien and Després, 2006 ). An alternative process is metal injection moulding (MIM), which offers improved cleanliness, better element homogeneity, finer grain size and a more uniform distribution of precipitating phases. IN-100 and Udimet-700 made by Lange indicated that MIM is a viable method in providing the products, which can meet the requirements of geometry and property at low cost (Youhua et al., 2010) .
In the last decade, significant advances have been made in the manufacturing of superalloys via powder injection moulding (PIM) routes. The PIM process overcomes the severe macrosegregation problems that occur during the solidification of high-strength nickel-based superalloy ingots (Reed, 2006) . This quality makes PIM powders suitable for use in the manufacturing of critical aircraft engine components by near or net-shape techniques such as isothermal forging and hot isostatic pressing (Özgün et al., 2013) .
The PIM process is a near-net shape process that uses fine metal powders blended with thermoplastic binders defined as a feedstock. Thermoplastic materials can be derived from the palm oil. Thus, a novel binder named palm stearin is formulated and has been evaluated as a possible binder system. Ibrahim et al. (2014) investigated the effect of solid loading on the physical properties of the sintered IN718 using PIM. The feedstock is heated and injected into complex, permanent part, which is of the appropriate shape but in the range of 10-20% larger than the intended final part .
The formulation binder system PS-PE of a ratio 70:30 was found to be the best feedstock to injection moulding, because it has moderate flow sensitivity index, lower flow activation energy and higher mouldability index . Besides that, the increasing of PS content in the binder system has found to reduce the viscosity and the flow activation energy and increase the mouldability index of feedstock.
After removal of the binder from the moulded part in the ''green'' state, a debinding operation is performed by thermal, dissolution or combined processes to remove the thermoplastic material from the metal powder, which leads to the ''brown'' state. Suleiman @Ahmad et al. (2016) reported that complete extraction of PS from the green parts can be completed at 60°C and 6 h of immersion in heptane. The metallic powder must then be sintered at high temperature to densify the part (German and Bose, 1997) .
With reference to recent results on the development of nickel-based superalloy powder for PIM, specifically during and prior to debinding, information is found in the literature (Youhua et al., 2010; Davies et al., 2003) . Previous results indicated that PIM could be used in the fabrication of nickel-based super alloys to produce high-density sintered parts.
Based on the authors' knowledge, there is no work being done to investigate the hardness and density of sintered IN718 part using palm oil-based binder. Hence, the purpose of this study is to determine the hardness and density of a sintered IN718 part using palm oil-based binder system as compared to the conventional binder system.
Materials and methods
A commercially available Inconel 718 spherical shaped powder had its tapped, apparent and pycnometer densities analysed to determine the relative density of the sintered parts. The manufacturer gives the chemical composition of the powder.
The particle-size distribution was determined using a particle-size analyser to show that the powder had a relatively wide particle-size distribution, which is desirable for efficient particle packing. The 22-µm IN718 spherical shape powder as shown in . The chemical composition of the powder is presented in Table 1 . Thermoplastic materials can be derived from the palm oil. Thus, a novel binder, palm stearin is formulated and has been evaluated as a possible binder system. Binder systems were developed and the volume percentage of each binder composition was formulated. The polyethylene used in this experiment comes from Titanex, Malaysia and the density is 0.91 g/cm 3 . Meanwhile, the paraffin wax, which has the density of 0.91 g/cm 3 , is imported from Merck, Germany, and the stearic acid with density of 0.843 g/cm 3 was obtained from Fluka Chemica, USA.
The palm stearin, supplied by Malaysian Palm Oil Board (MPOB) has 0.849 g/cm 3 of density. The content of palm stearin binder material is shown in Table 2 . A binder system was developed from four different binder materials and the volume percentage (vol.%) of each binder composition was formulated as; 60 vol.% polyethylene (PE) and 40 vol.% palm stearin (PS), and commercially available binder system; 35 vol.% PE, 55 vol.% paraffin wax (PW) and 10 vol.% stearic acid (SA). The IN718 powder and the binder system were mixed homogenously in a Winkworth MZ3 z-blade mixer at 160°C for 2 h to prepare a feedstock with ratio of 68 vol.% of powder and 32 vol.% of binder. The ratio are the optimum results of solid loading analysis that has been conducted by determining the mixing torque value between IN718 powder and oleic acid which act as a binder. The oleic acid was added in stages to the point, where the powder particles are tightly packed with binder (reached maximum torque value) and correlation is made by adopting an equation between the volume of IN718 powder and oleic acid.
After a large amount of feedstock had been already produced by using the Z-Blade mixer, it was injected based on the exact temperature and pressure sequence along with the time sequence. However, there are several conditions of moulding that require absolute evaluation which is constant mould temperature, the effective specific volume, which is inversely proportional to the injection pressure. After filling the cavity with the freeze of gate, the applied pressure was directly proportional to the temperature.
During this process, a temperature between 180 and 220°C and pressure of 6 to 9 bar has been set according to the suitable parameter for injection of tensile test shape. In the meantime, several situations during moulding needed attention, including the shape, size and positioning of the feed gates, mass flow during the mould filling, shrinkage process during cooling of the mould and the moulding compound.
The debinding process was implemented through two steps, i.e. solvent extraction to remove over 2/3 binder system and thermal pyrolysis to remove the remaining binders. Solvent extraction was the first step in order to remove the paraffin wax, one portion in the combined binder. Several samples were arranged in a glass container which was filled with heptane at suitable depth to cover all the samples in a container. The container later on was closed as to prevent any evaporation and held at temperature of 60°C and put into a water bath Memmert. The debinding duration was 6 h with initial time around 5 min as to allow the temperature of the water in the water bath to be stabilised and reach the exact temperature needed.
After 6 h, the samples were removed from the container and later on put into a drying oven at 42°C as to evaporate the remaining heptane from the samples. After debinding, it was noticed that the colour of the heptane had changed from no colour to dark brown as it already extracted binders which have low melting temperatures. When the samples had already dried, they were measured based on their dimension and weight loss.
As for the thermal pyrolysis, the purpose of this process was to eliminate the residual binder that was still left in the samples. Low heating rates and longer debinding duration were required for this process. The samples were placed on an alumina plate and then placed into the furnace. The heating rate of 1°C/min was set for the whole process. The process was performed in a high temperature control atmosphere furnace (HTCAF) in the same cycle of sintering, where the sample was sintered in vacuum atmosphere with heating rate from 0.25 to 7°C/min until 1200°C for 8 h until the powder was compacted near to its theoretical density. The samples were then analysed based on its physical and mechanical properties and through micrograph observation. Table 3 shows the melting and evaporation temperature of polyethylene (PE), paraffin wax (PW), stearic acid (SA) and palm stearin (PS), which were measured using simultaneous thermal analysis (STA). Specifically, PS has several compositions with different volume percentage and melting temperature that can provide advantages on gradual extraction of binders based on different stages of heating. As a result, the melting and evaporation temperature will give the indication of designing the cycle for the removal of the binder system. 
Results and discussions

Thermal analysis
Physical and mechanical properties
Pre-sintering conditions can affect the properties of the IN718 and they might be increased or decreased due to the removal of the binder system from the sample. The thermoplastic binder will be decomposed during the final stage of debinding and the main concern is on the relative burnout of the remaining backbone polymer, which is the polyethylene. Thus, in order to control the final chemistry of the powder particle, complete binder removal without a residue is important. At this stage, the polyethylene binder burnout occurs from within the IN718 particle and it flows to the compact surface. The surface then dries by evaporation of near-surface pendular bonds. Rapid evaporative debinding is aided by a high temperature and agitated atmosphere that is constantly being replenished by vacuum. The vapour from the binder system can easily be diffused within the particles; it flows from the sample structure and leaves only the particles. There will be no chemical reaction or contamination caused by the binder, as it was removed or prevented. It also helps to reduce the size of pores amongst the particles left by the binder evaporation and improved the densification of the IN718 compact. Vacuum state is able to remove air or vapour binder on the compact surface. However, it has limitations if the binder is trapped amongst the particles when the temperature is raised thus affecting the particle interconnection and producing more pores.
It is stated that almost 80% of the binder is removed by solvent extraction and the remaining 20% forms a gaseous product during thermal pyrolysis, as the binder evaporates and leaves the pores amongst the particles (Suleiman @ Ahmad et al., 2016) . The PE-PS sample showed an improved density due to the use of inert gas which does not undergo chemical reactions and do not react with any substances, thus avoiding unwanted chemical reactions which can reduce the quality of the implant. These undesirable chemical reactions are oxidation and hydrolysis reactions with oxygen and moisture in air. PS melted completely during solvent extraction and is totally removed after heating at 436.5°C due to its evaporation temperature.
The purpose of sintering is to combine the powder particles, which are separated with gaps, occurred during the removal of binder system from the samples. After sintered, the physical and mechanical properties will differ from the beginning due to the changes from green part to brown part and finally the sintered part will have improved its density. Pure metallic components of IN718 were obtained during sintering with 15-20% of shrinkage by calculating the difference in length between the green part and the sintered part. The binder system is heated and removed, thus allowing densification of the IN718 powder into a dense solid with elimination of pores. A Shimadzu SGM-330H-A Specific Gravity Meter was used to measure the density of the sintered part showed in Figure 2 with 15 measurements for each formulation. According to Table 4 , PE-PW-SA (4.751 g/cm 3 ) experienced an increase in density compared to PE-PS (4.279 g/cm 3 ). However, the stated result for both PE-PW-SA and PE-PS shows differences of 42% and 47%, respectively, compared to the MPIF standard (8.19 g/cm 3 ). 
Microstructural characterisation
The porous structure was observed on both of the sintered samples during binder removal. During this situation, the evaporation of the binder residue allows the particle to pack densely and fulfil the voids left by the binder. It is a common condition that during sintering uniform packing between the powder particles will occur and reflect on the shrinkage of the sample based on constant removal of binder system amongst the IN718 particle. However, for these samples, large pore structures are formed which resulted in low density, higher porosity properties and these are also reflected on the results of Vickers hardness as well. The hardness test, which was carried out on a Zwick Rowell ZHV10 tester, showed that PE-PS sample reached a hardness value of 168 HV, whilst PE-PW-SA was slightly higher with 172 HV. This result can be improved as in previous research works, which resulted in 300-370 HV.
Microstructures of the IN718 parts sintered at 1,200°C for both PE-PS and PE-PW-SA binder system are shown in Figure 3 . At 1,200°C, slightly large grains are seen in Figure 3b with many of the pores separated from the grain boundaries. In Figure 3a , the grains are similar with no decrease in porosity. Based on this result and on the micrographs, pore-grain boundary separation takes place at the on-set of the final stage of solid-state sintering, inhibiting further densification. 
Conclusion
Result shows that the sintered properties based on palm oil binder system can be achieved in accordance to the Metal Powder Industries Federation (MPIF) standard. However further study need to focus specifically on the optimisation of the sintering time and temperature to maximise density whilst maintaining a fine grain size to result in mechanical properties comparable or better than those of cast and solution-treated material.
